Abstract. Deregulation of c-Jun NH 2 -terminal kinase (JNK) signaling is now increasingly reported in a variety of human malignancies. Non-small cell lung cancer (NSCLC) is among such human malignancies with aberrant JNK activation; yet the exact role(s) of JNK deregulation in NSCLC biology, in particular in vivo, remains unclear. Here, we demonstrated a specific role of JNK in the control of the tumor-initiating capacity of A549 cells derived from human lung adenocarcinoma, a major subtype of NSCLC. Despite its potent inhibitory activity on A549 cell growth in vitro, SP600125, a reversible JNK inhibitor, failed to inhibit the growth of pre-established A549 xenografts in vivo when systemically administered. Nevertheless, the same SP600125 treatment caused a marked reduction in the tumor-initiating population within the A549 tumors, suggesting that JNK may be specifically required in vivo for the maintenance of the tumor-initiating population of tumor cells rather than for proliferation and survival of the entire cell population. Furthermore, A549 cells either pretreated with SP600125 or transiently transfected with siRNAs against the JNK genes in vitro showed substantially reduced ability to initiate tumor formation upon implantation into nude mice, implying that the cell intrinsic JNK activity of A549 cells is essential for the maintenance of their tumor-initiating capacity. To our knowledge, this is the first demonstration that JNK is involved in the control of the tumor-initiating capacity of NSCLC cells. Our findings also give rise to an intriguing possibility that therapies targeting JNK could contribute to prevention of relapse and/or metastasis of NSCLC through elimination of tumor-initiating cells.
Introduction
The c-Jun NH 2 -terminal kinases (JNKs) belong to a subfamily of mitogen-activated protein kinases implicated in the transduction of a wide array of intracellular signals associated with, for instance, cellular proliferation, differentiation, development, the inflammatory response and apoptosis (1, 2) . Reflecting such versatile functions of JNK in signal transduction, a growing body of evidence now suggests that JNKs may also play a significant role in the biology of human cancers (3) (4) (5) . Indeed, aberrant activation of JNK has been increasingly reported in a variety of human cancers, and the roles of JNK in the control of fundamental cellular properties of cancer cells, such as proliferation, survival and migration, have been documented (2) (3) (4) (5) . Significantly, adding to such roles of JNK in cancer cells in general, we and others have recently identified a specific role of JNK in the control of cancer stem cells (CSCs) of glioblastoma (5-7), a particular subpopulation of cancer cells now presumed to have a pivotal role in cancer relapse and/or metastasis as well as in therapy resistance (8, 9) . Most importantly, we demonstrated for the first time in our recent study that 'sustained' JNK activity is not only required for the prevention of differentiation and maintenance of the 'stem cell state' of glioblastoma CSCs but also for the maintenance of their 'tumor-initiating capacity'. Furthermore, we showed in the study that transient, short-term inhibition of JNK in vivo is sufficient to exert a long-lasting suppressive effect on the tumor-initiating capacity of glioblastoma cells, suggesting that JNK could make an excellent therapeutic target to achieve long-term control of glioblastoma, one of the deadliest of all human cancers (5, 6) . However, to date, it remains totally unknown whether such a role of JNK in the control of the stemness and/or the tumor-initiating capacity of tumor cells is unique to glioblastoma or is commonly shared by other human cancers.
Lung cancer is currently the leading cause of cancer-related mortality in the world (10) , with non-small cell lung cancer (NSCLC) accounting for the majority of lung cancer cases (~80%) (10, 11) . Similarly to glioblastomas (12) (13) (14) (15) , aberrant activation of JNK has been observed frequently in NSCLC tumors (16, 17) , and a number of studies do provide evidence Specific role of JNK in the maintenance of the tumor-initiating capacity of A549 human non-small cell lung cancer cells supporting the idea that JNK has a positive role in promoting the growth of NSCLC tumors (16) (17) (18) . Nevertheless, evidence
is not yet sufficient, with the exact role(s) of JNK in NSCLC cells, in particular in vivo, remaining poorly understood. Here in this study, therefore, we investigated the role of JNK in NSCLC using a human NSCLC cell line A549 (19) . Intriguingly, the results of the xenograft analyses of the present study demonstrated that JNK is more specifically involved in tumor initiation than in bulk tumor growth (i.e., growth of already established tumors) of A549 cells. Our findings thus suggest that the maintenance of the tumor-initiating population may be one of the primary roles of JNK in NSCLC tumors in vivo and that such a role of JNK is shared by human cancers other than glioblastoma.
Materials and methods
Antibodies and reagents. SP600125 was purchased from Calbiochem (La Jolla, CA, USA) and was dissolved in dimethylsulfoxide (DMSO) to prepare a 50 mM stock solution. Anti-c-Jun (#9165) and anti-phospho-c-Jun (Ser63) (#9261) antibodies were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). Anti-β-actin (A1978) was from Sigma (St. Louis, MO, USA). Anti-JNK1 (sc-474) and anti-JNK2 (sc-7345) were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Cell culture. The human NSCLC cell line A549 was obtained from the Riken BioResource Center. To verify the authenticity of the A549 cells used in this study, the A549 cells in actual use were subjected to genotyping by short tandem repeat (STR) profiling (Bio-Synthesis, Inc., Lewisville, TX, USA) at the completion of this study. For the serum-free culture of A549, a culture condition reported to allow the selection of undifferentiated cancer stem cells including those of lung cancer (20) (21) (22) , cells were cultured on collagen-I-coated dishes (IWAKI) in serum-free culture medium [Dulbecco's modified Eagle's medium (DMEM)/F12 supplemented with B27 (both from Gibco-BRL, Carlsbad, CA, USA)], 20 ng/ml EGF, 20 ng/ ml FGF2 (Peprotech, Inc., Rocky Hill, NJ, USA), D-(+)-glucose (final concentration, 26.2 mM), 2 mM L-glutamine (final concentration, 4.5 mM), 100 units/ml penicillin, and 100 µg/ml streptomycin). The serum-free culture medium was changed every 3 days, and EGF and FGF2 were added to the culture medium every day. For the serum culture of A549 cells, cells were maintained in DMEM/F12 with 10% fetal bovine serum and antibiotics (100 units/ml penicillin, 100 µg/ ml streptomycin). Unless otherwise indicated, A549 cells were maintained and subjected to experiments using the serum-free culture condition. Throughout the study, the cell number was determined using a hemocytometer, and the cell viability was examined by the dye exclusion method (0.2% trypan blue). Cell viability (%) was defined as 100 x 'the number of viable cells'/ ('the number of viable cells' + 'the number of dead cells'). Mouse studies. Mouse xenograft studies were carried out essentially as previously described (6, 23) . For subcutaneous implantation of A549 cells, cells were suspended in 200 µl of PBS and injected into the flank region of 5-to 7-week-old male BALB/cAJcl-nu/nu mice (Clea Japan, Inc.). After implantation, the recipient mice were monitored for general health status and the presence of subcutaneous tumors. Tumor volume was determined by measuring tumor diameters (measurement of 2 perpendicular axes of tumors) using a caliper and calculated as 1/2 x (larger diameter) x (smaller diameter) 2 . For serial transplantation, excised tumors were washed in chilled sterile PBS and transferred into DMEM/F12, minced with scissors, and incubated in Accutase for 30 min at 37˚C. After washing with DMEM/F12, the cells were resuspended in DMEM/F12 and filtered through a 70-µm strainer. After determination of cell number and viability, the single-cell suspension of the tumor cells was subjected to subcutaneous injection. For systemic administration of SP600125, the SP600125 stock solution (50 mM in DMSO) was diluted in PBS to prepare 200 µl solutions of SP600125 for each injection. The SP600125 solutions were injected intraperitoneally into nude mice. Control mice received 200 µl of DMSO diluted in PBS. Note that all the control-and SP600125-treated mice received an equal volume of DMSO per body weight (3.6 ml/kg/day). All animal experiments were performed under a protocol approved by the Animal Research Committee of Yamagata University.
Statistical analysis.
Results are expressed as the means ± SD, and differences were compared using the 2-tailed Student's t-test. P-values <0.05 were considered statistically significant and indicated with asterisks (*) in the figures.
Results

Rapid and potent inhibition of A549 cell proliferation by JNK inhibition in vitro.
To examine the role of JNK in A549 cells, we first tested the effect of JNK inhibition on A549 cell growth in vitro using SP600125, an ATP-competitive, reversible inhibitor of JNK (24) . When A549 cells cultured in the presence of serum were treated with SP600125 at 20 µM, the JNK inhibitor caused a pronounced proliferation block on A549 cells without causing significant toxicity ( Fig. 1A and C) . Growth suppression by SP600125 was rapid and potent, being apparent as early as 1 day after the initiation of the inhibitor treatment and was already marked by 3 days of inhibitor treatment (Fig. 1A) . Identical experiments were conducted with A549 cells maintained in serum-free culture condition, reported to allow selective expansion of the undifferentiated, stem cell population of lung cancer cells (21) . The results were similar to those obtained from serum-cultured A549 cells (Fig. 1B and D) , suggesting that the JNK activity is required for the proliferation of A549 cells irrespective of the culture condition, at least in vitro. These results were essentially consistent with those of previous studies that demonstrated the essential role of JNK in the in vitro growth of NSCLC cells using NSCLC cell lines other than A549 (16) (17) (18) .
JNK inhibition fails to inhibit the growth of established A549 tumors in vivo.
Given the marked growth inhibitory effect of SP600125 on A549 cells observed in vitro, we next examined whether it has a similar inhibitory effect on the growth of A549 tumors in vivo. To this end, we implanted A549 cells subcutaneously into nude mice, and when the implanted A549 cells formed discrete subcutaneous tumors (~7 mm in diameter), we treated the tumor-bearing mice by systemic, intraperitoneal administration of SP600125 (40 mg/kg) for 10 consecutive days and monitored the growth of tumors during and after the treatment. Strikingly, we observed no significant inhibition of A549 tumor growth by SP600125 under this treatment condition (Fig. 2) . Although the average tumor volume of the SP600125-treated tumors was somewhat smaller than that of the control-treated tumors in this particular set of experiment ( Fig. 2A) , this was due to a single unique tumor that 'exceptionally' showed retarded growth in the course of SP600125 treatment, in sharp contrast to the other 9 tumors (4 SP600125-treated and 5 control-treated tumors) that all grew at a similar rate (Fig. 2B) . Such a retarded growth of established A549 tumors during SP600125 treatment was never observed in any of the other sets of similar experiment, and the average tumor volume of SP600125-treated tumors was even larger (although not statistically significant) than that of the control-treated tumors in some experiments (Fig. 3A) . These results clearly indicate that SP600125 is not effective at inhibiting the growth of established A549 tumors in vivo, at least under the treatment condition used in this study.
Selective elimination of the tumor-initiating cell population within established A549 tumors by JNK inhibition in vivo.
Although SP600125 thus failed to control the growth of the entire bulk A549 tumors, it was nevertheless still possible that SP600125 selectively reduced the tumor-initiating cell population within the tumors, just as we demonstrated previously using glioblastoma xenografts (6) . To explore this possibility, we next conducted serial transplantation experiments. Mice implanted subcutaneously with A549 cells were treated by an intraperitoneal injection of SP600125 (40 mg/kg) for a consecutive 10 days when the subcutaneous tumors reached the size of 6-7 mm, similarly as in Fig. 2 . The treated subcutaneous tumors were then excised, and after dissociation into single cells, serial dilutions (5, 2 and 1x10 5 ) of the dissociated cells were transplanted again subcutaneously into nude mice to initiate tumor formation. Whereas there was no significant difference in the growth of SP600125-and control-treated A549 tumors before and during the course of the treatment (Fig. 3A) , tumor initiation was substantially inhibited and delayed for cells transplanted from SP600125-treated tumors as compared to those from control-treated tumors (Fig. 3B and C) . We also found that the growth curve of tumors formed by transplantation of 5x10 5 To this end, we treated nude mice receiving a subcutaneous implantation of A549 cells with SP600125 using the identical treatment condition (intraperitoneal injection of 40 mg/kg SP600125 for 10 consecutive days), except that the treatment was initiated on the following day of A549 cell implantation instead of initiating SP600125 treatment after tumor formation. Remarkably, the identical SP600125 treatment condition, which failed to inhibit the growth of established A549 tumors, effectively and significantly inhibited the formation of A549 tumors (Fig. 4) . Thus, collectively, the results of the xenograft analyses conducted thus far suggest that systemically administered SP600125 exerts its antitumor activity against A549 cells through selective inhibition of their tumor initiation.
Essential role for the cell-intrinsic JNK activity of A549 cells in the maintenance of their tumor-initiating capacity.
Since SP600125 was delivered systemically, there were two possible explanations, not mutually exclusive, for the mechanism of the antitumor activity of SP600125 observed in vivo. One was a direct mechanism, in which the cell-intrinsic JNK activity of A549 cells was required for the maintenance of their tumor-initiating capacity. The other was an indirect mechanism, in which the tumor-initiating capacity of A549 cells depended on the function(s) of other cells (i.e., cells of the host animals) sensitive to JNK inhibition. To determine the role of the 'cell-intrinsic JNK activity' in the maintenance of the tumor-initiating capacity of A549 cells, we examined the tumor-initiating capacity of A549 cells pre-treated in vitro with SP600125 before implantation into nude mice. For this xenograft analysis, A549 cells were treated with SP600125 at 20 µM to inhibit JNK, for 6 days before implantation (Fig. 5A ). This SP600125 treatment condition suppressed the cellular proliferation of A549 cells without causing significant reduction of their viability (Fig. 5B) as shown earlier in this study (Fig. 1) . Then, after washout of SP600125, the same number (5x10 5 viable cells) of the SP600125-treated and control-treated A549 cells was implanted subcutaneously into nude mice. The results of the xenograft analysis clearly indicated that the SP600125 pre-treatment inhibited tumor formation by A549 cells (Fig. 5C) . Notably, whereas all 3 mice receiving control-treated A549 cells developed large tumors, the three mice receiving SP600125-treated cells developed significantly smaller tumors, with one of them even surviving in a tumor-free state throughout the entire observation period (Fig. 5D ). These results are in support of the idea that the cell-intrinsic activity of JNK is directly required for the maintenance of the tumor-initiating capacity of A549 cells, although they do not necessarily exclude the possibility that systemic JNK inhibition deprived A549 cells of their tumor initiation capacity through other indirect mechanisms.
Finally, to definitively establish that the cell-intrinsic JNK is required for the tumor-initiating capacity of A549 cells through a non-pharmacological genetic approach, we conducted knockdown experiments. To this end, we transiently transfected A549 cells with a combination of siRNAs against JNK1 and JNK2. Under the transfection condition, the knockdown of JNK1 and JNK2 was efficient, as indicated also by the reduced level of phosphorylated c-Jun (Fig. 6A) . Similarly to SP600125, the JNK knockdown caused marked blockage of proliferation but not any significant reduction in the viability of the A549 cells by the time they were subjected to xenograft analysis (Fig. 6B) . Subcutaneous implantation of control A549 cells and cells in which JNK1 and JNK2 were transiently knocked down revealed that the JNK knockdown significantly impaired the tumor-initiating capacity of A549 cells (Fig. 6C and D) . Collectively, the results demonstrated that the cell-intrinsic JNK activity is essential for the maintenance of the tumor-initiating capacity of A549 cells.
Discussion
Since its characterization as a key molecule in the transduction of pro-apoptotic signaling (25, 26) , JNK has long drawn considerable attention as a 'negative regulator' of tumor growth, for example, as an important mediator of cell death signals elicited by cancer therapies such as chemotherapy and radiotherapy (27, 28) . On the other hand, accumulating evidence has now come to support the emerging idea that JNK also plays significant roles in the 'promotion' of tumor growth (3) (4) (5) . Only recently, an essential role of JNK in the maintenance of the tumor-initiating capacity of glioblastoma stem cells has been documented and added as one of such 'pro-tumor' roles of JNK (6, 7) . In line with such roles of JNK, aberrant activation of JNK has been increasingly observed in human cancers (3) (4) (5) . NSCLC, the major subtype of lung cancer, is among such human cancers in which activated JNK has been implicated as a positive regulator of tumor growth (16) (17) (18) . However, since the cellular functions of JNK in NSCLC cells have been studied primarily in vitro (16) (17) (18) , the exact role(s) of JNK in NSCLC cells in vivo still remains poorly understood. To address this issue, therefore, we conducted both in vitro and in vivo analyses of JNK functions in A549 NSCLC cells. Strikingly, in sharp contrast to the results of the in vitro analysis in which inhibition of JNK caused rapid and potent blockage of A594 cell proliferation, JNK inhibition in vivo completely failed to inhibit the growth of already established A549 tumors (Figs. 2 and 3A) . However, the identical treatment condition quite efficiently deprived the tumor cells of their capacity to initiate tumors upon secondary transplantation ( Fig. 3B and C) , indicating that the JNK inhibitor treatment was effective and selectively targeted the tumor-initiating capacity of A549 cells while sparing their proliferative activity in vivo. The idea that JNK plays a role in the maintenance of the tumor-initiating capacity of A549 cells was further corroborated by the demonstration that the identical JNK inhibitor treatment (SP600125 40 mg/kg/day for 10 consecutive days) that failed to inhibit the bulk tumor growth (Figs. 2 and 3A ) did inhibit tumor initiation by A549 cells in vivo (Fig. 4) . Apparently, the cell-intrinsic JNK activity was essential for the maintenance of the tumor-initiating capacity of A549 cells since JNK inhibition in vitro, i.e., in the absence of cells from host animals, was sufficient to deprive A549 cells of their tumor-initiating capacity (Figs. 5 and 6). Collectively, these findings give rise to and support the idea that the primary role of JNK in A549 cells in vivo, in particular in established tumors, may be to maintain their tumor-initiating capacity rather than to simply sustain cellular proliferation and survival. It needs to be emphasized here, however, that our results do not necessarily exclude the possibility that more intensified SP600125 treatment conditions would have some inhibitory effect on the growth of established A549 tumors. Nevertheless, they do dictate that we should be prudent enough not to remove JNK from the list of potential therapeutic targets even if SP600125 should prove to be ineffective at controlling bulk tumor growth in any conditions. Another key observation we made in this study is that short-term, 'transient' inhibition of JNK was sufficient to cause 'sustained' loss of the tumor-initiating capacity of A549 cells. Except for the experiment whereby the systemic administration of SP600125 was started on the following day after A549 cell implantation (Fig. 4) , the xenograft experiments examining the effect of SP600125 on the tumor-initiating capacity of A549 cells were conducted in the complete absence of SP600125 (Figs. 3B, C and 5 ), which is a reversible inhibitor of JNK (24) . This implies that the state of 'lost tumor-initiating capacity' is a stable one that does not require continuous inhibition of JNK, whereas continuous JNK activity was apparently required for the maintenance of the tumor-initiating capacity. In this regard, the JNK-dependent tumor-initiating capacity of A549 shares the key characteristics of what we recently described as 'stemness-associated tumor-initiating capacity (STATIC)' (5) . By definition, STATIC is a type of tumor-initiating capacity regulated in close association with the stemness/differentiation of the cells most likely through an epigenetic mechanism (5). Although we need to admit that the A549 cells used in this study may not be typical bona fide CSCs since they failed to grow as non-adherent spheres in the serum-free, stem cell culture condition (data not shown), the results of the present study strongly suggest that the A549 cells analyzed in this study share with glioblastoma stem cells the core mechanism of tumor-initiating capacity, which we have just shown to be STATIC (5, 6) . This idea is quite in good agreement with our prediction/proposal that STATIC may not always be associated with the stemness of the cells, for instance, in such a case where the regulatory mechanism governing stemness is selectively disrupted downstream of the core mechanism of STATIC that orchestrates stemness and tumor-initiating capacity (5) . As such, this study may be the first instance to show that STATIC is not a property unique to CSCs, and to the best of our knowledge, is the first study to demonstrate that the cell-intrinsic JNK activity plays a pivotal role in the control of tumor-initiating capacity of cancer cells other than glioblastoma cells.
Although we clearly demonstrated using a mouse xenograft model the essential role of JNK in the maintenance of the tumor-initiating capacity of A549 cells, it still remains to be shown whether the mechanism is relevant to naturally occurring NSCLCs. In this respect, it is notable that JNK was recently shown to be essential for the development of lung tumors in a mouse model of lung adenocarcinoma driven by K-ras (29, 30) , which is frequently activated by mutations in human lung adenocarcinomas (31, 32) and also in A549 cells derived from a human lung adenocarcinoma, a subtype of NSCLC (33, 34) . Although it remains unclear how the deletion of the JNK genes (JNK1 + JNK2) contributed to the reduced formation of lung hyperplastic/neoplastic lesions and whether 'continued' as opposed to 'transient' loss of JNK (because the JNK genes were deleted genetically and therefore irreversibly in the study) is required for the suppression of lung tumor formation observed in the study (29) , the findings provided by the study in conjunction with our current results may lend support to the idea that JNK contributes to K-ras-driven NSCLC carcinogenesis by preventing loss of tumor-initiating capacity of K-ras-transformed NSCLC cells. If this is actually the case, then JNK would be a highly promising molecular target to control recurrence of NSCLC tumors, be it either local or distant (i.e., metastasis), since any form of recurrence may involve the process of tumor initiation by tumor-initiating cells. Future studies to investigate the prevalence and significance of this JNK-regulated mechanism of tumor initiation in human NSCLCs in general, therefore, are warranted.
In conclusion, we demonstrated in the present study that JNK is specifically involved in the maintenance of the tumorinitiating capacity of A549 NSCLC cells. Of therapeutic importance, short-term, transient inhibition of JNK was sufficient to stably control the tumor-initiating capacity of A549 cells, making JNK targeting an attractive candidate as a therapeutic approach to gain long-term control over NSCLCs. Our demonstration that JNK is involved in the control of the tumor-initiating capacity of human cancer cells other than glioblastoma cells indicates that the mechanism is not unique to glioblastomas and therefore justifies further investigation of the role of JNK in the control of the tumor-initiating capacity of other human cancers.
